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Scientific Progress

During the initial months of the award period we focused our efforts on the development and implementation of new
computational methods for simulation (without approximation) of QSDE models that incorporate strong quantum noise and
component nonlinearities, but minimal buildup of large-scale coherences. We applied this new method in a study of photonic
circuit architectures for decoding low-density parity check codes, which have novel and important features. The results were
reported in manuscript #1 (uploaded), which has been published in New Journal of Physics.

We then turned to the development of QSDE model reduction techniques for approximate simulation of large-scale optical
computing networks. Our approach was to use QSDEs to construct a master equation model of the network, then to transform
the master equation into a Wigner Equation framework, and finally to apply systematic Gaussian approximations to the PDE
that governs time evolution. By doing so we obtained a set of coupled stochastic differential equations that can reproduce the
circuit behavior up to leading order in quantum nonlinear effects. We extended this approach to

include not only quantum nonlinear optical models based on ideal (instantaneous, Kerr-type) nonlinearities, but also to models
for free

carrier-based nonlinearities in optical semiconductors. The resulting sets of coupled SDEs include both photonic and electronic
quantum fluctuations, and we are working to formulate near-term-feasible experimental tests for these models. In collaboration
with Charles Santori at HP Labs, we applied the new model-reduction approach to a latch-based model of a 4-bit optical binary
logic ripple counter. This enabled us to understand the impact of quantum fluctuations on circuit performance and to identify a
critical switching-energy scale for this architecture of about 30 photons, below which quantum stochastic errors propagate and
spoil the computation but above which the computation can be performed robustly.

In the final year of the award period we have focused on the challenge of modeling QSDE networks with time delays. The
difficulty of accurately modeling dynamical systems with time delays is well known from classical theory; time delays technically
add infinite-dimensional PDE-like degrees of freedom to a network model and must be treated carefully in dimensional
reduction. In order to make progress on the quantum analogue we began with linear passive models representing the optical
"skeleton" of the network, with the physical intuition (which still needs to be proved mathematically) that nonlinear interactions
could be added to the reduced skeleton in a straightforward fashion. Building upon results from the classical literature in
electromagnetic scattering and circuit theory, we showed how to derive a Blaschke-Potapov expansion for linear stochastic
QSDE models with time delays and feedback, and developed a systematic procedure for truncating the expansion to arrive at a
finite-dimensional model capturing the effects of the time delays within a desired window of timescales. We encountered a
subtlety related to pure-feedforward channels in QSDE networks with time delays, and related this to an entire term that factors
out of the Blaschke-Potapov expansion. We developed an approach to computing this term via systematic transformation of the
QSDE model. The results of this work are described in manuscript #2 (uploaded), which has very recently been accepted for
publication in EPJ Quantum Technology. We believe that these results will be of critical importance for modeling distributed
quantum information processing networks.

Technology Transfer
Our ideas about quantum circuit architecture and modeling of networks with time delays have been discussed at length with Dr.

Rad Balu and his team at ARL/Adelphi. The time delay approximation procedure is being incorporated into our QNET software
package, which is being ported to DOD/HPC platforms by the ARL/Adelphi team.



